relation between the normalized perfusion bed size and the normalized anterograde myocardial blood flow: y = 0.45x + 54.2 (p < 0.001, r2 = 0.77). These results were substantiated in Group CIRCUMFLEX CORONARY ARTERY
The relation between anterograde blood flow through a coronary artery and the size of the perfusion bed it supplies is not known. Accordingly, the left circumflex coronary artery was cannulated and perfused with arterial blood in 12 open chest mongrel dogs. In Group I dogs (n = 7), the goal was to correlate the size of the perfusion bed with the magnitude of anterogradely derived myocardial blood flow. The size of the perfusion bed was measured with use of two-dimensional myocardial contrast echocardiography, whereas anterograde myocardial blood flow was determined by injecting radiolabeled microspheres directly into the artery. In Group II dogs (n = 5), the goal was to study the effects of altering coronary blood flow on both anterogradely and collateral vessel-derived myocardial flow within the perfusion bed. In these dogs, microspheres were injected directly into both the coronary artery and the left atrium at each flow rate.
In Group I dogs, the left circumflex perfusion bed size, as defined by myocardial contrast echocardiography, decreased at lower anterograde myocardial blood flow rates. The change in perfusion bed size occurred at the lateral zones. There was a linear
It is generally assumed that the size of the myocardial bed perfused by a coronary artery is determined strictly on an anatomic basis~ that is, the size of the perfusion bed is determined by the size and spatial distribution of the artery supplying it. The relation between the magnitude of blood flow through a coronary artery and the size of the myocardial bed perfused by it has not been examined in vivo. We (1) II dogs, in which the size of the perfusion bed was approximated with use of radiolabeled microspheres. The size of the perfusion bed was most affected when anterograde myocardial blood flow decreased to less than approximately 33% of normal. At the lowest flow rates, there was a linear relation between anterograde blood flow versus the fraction of the left circumflex flow derived anterogradely: y = 2.4lx + 0.22 (p < 0.001, r2 = 0.90). The lower the level of anterograde flow, the greater was the blood flow derived from remote vessels.
It is concluded that the size of the area perfused by a coronary artery is significantly influenced by the magnitude of anterograde blood flow through that artery. These findings may have important implications in experimental and clinical models of myocardial ischemia.
(J Am Coil CardioI1991; 17:1403-13) previously demonstrated that alterations in coronary blood flow in the non occluded perfusion bed can cause changes in the size of the occluded perfusion bed, presumably as a result of alterations induced in the collateral flow driving pressure. The current study was performed to test the hypothesis that changes in the magnitude of anterograde blood flow significantly affect the size of the perfusion bed.
We used an open chest canine model in which the left circumflex coronary artery was cannulated and perfused with arterial blood at varying flow rates. Anterograde myocardial blood flow was measured by injecting radiolabeled microspheres directly into the artery. The size of the perfusion bed was assessed by using myocardial contrast twodimensional echocardiography (Group I dogs) or by the injection of radiolabeled microspheres (Group II dogs). In addition, the relation between the total nutrient and anterogradely derived blood flows to the left circumflex artery bed was also examined at different anterograde flow rates in Group II dogs.
CAROTID ARTERY

Methods
Animal preparation. Twelve mongrel dogs were studied. The protocol was approved by the Animal Investigations Committee of the University of Virginia. The study conforms to the Position of the American Heart Association on Research Animal Use.
The dogs were anesthetized with 30 mg/kg body weight of intravenous sodium pentobarbital (Abbott), intubated and ventilated with a respirator (model 607 , Harvard Apparatus). Additional anesthesia was given as needed during the experiment. An 8F catheter was placed in the left femoral artery for recording arterial pressure and assessing arterial blood gases. This catheter was connected to a calibrated multichannel physiologic recorder (model 4568C, Hewlett-Packard) by means of a fluid-filled transducer (modeI1280C, Hewlett-Packard). A similar catheter was placed in the left femoral vein for the administration of drugs and fluids as needed. In Group II dogs, an 8F catheter was also placed in the right femoral artery for the withdrawal of reference blood samples.
The right carotid artery was exposed and a 15F plastic cannula with a clamp placed on it was introduced into the artery. This cannula was connected to Silastic tubing (Tygon) , whose other end was connected to a metal cannula. Several instruments were attached to this tubing along its length ( Fig. 1 ): a Y connector to inject radiolabeled microspheres; two magnetic stirrers (model PCI03, Corning); two windkessels; a roller pump (model 1784, Imico); a Y connector to inject echocardiographic contrast medium (Group I dogs only); and a calibrated extracorporeal electromagnetic flow probe (model EP 300A, Carolina Medical) connected to a flow meter (model FM 501, Carolina Medica!). The flow meter was also calibrated and connected to the physiologic recorder.
A median sternotomy (Group I) or lateral thoracotomy (Group II) was performed and the heart was suspended in a pericardial cradle. In Group II dogs, a polyethylene catheter was placed in the left atrium for the injection of radio labeled microspheres. The mid-portion of the left circumflex coronary artery was dissected free and a silk tie was placed loosely around it. Heparin sodium (25,000 IV, Elkins-Sinn) was injected intravenously. The clamp on the cannula in the carotid artery was removed and the Silas tic tubing was primed with arterial blood. The tie around the left circumflex artery was used to occlude it. A small incision was made in the artery just distal to the occlusion, and the distal end of the metal cannula connected to the Silastic tubing was introduced into the lumen of the artery. The roller pump was then adjusted to the desired flow rate. The period of left circumflex ischemia lasted < 1 min. Measurement of regional myocardial blood flow. Our method for measuring myocardial blood flow with radiolabeled microspheres has been described previously (2) . For measuring anterograde blood flow, approximately 2 x 10 5 microspheres, 11 to 13 pm in size (Du Pont), were injected directly into the tubing supplying blood to the left circumflex artery. From pilot studies, we had determined this amount of microspheres to be sufficient for the optimal calculation of myocardial blood flow when injected directly into the coronary artery. The magnetic stirrers were used for mixing the microspheres with blood ( Fig. 1 ).
In Group I dogs, our aim was to determine the mean transmural blood flow within the left circumflex perfusion bed. To define this bed, to ml of Monastral blue dye (Sigma Chemical) was injected into the left circumflex artery after the termination of the experiment. The heart was excised and a I cm thick slice of the left ventricle was cut corresponding to the short-axis slice examined on echocardiography. The exact location of this slice was determined by a needle placed through the heart at the level of the echocardiographic transducer before the experiment was terminated. The area of the slice stained by the blue dye (excluding approximately a 0.5 cm edge on all sides) was removed and cut into three or four segments.
In Group II dogs, in addition to measuring anterograde blood flow, total nutrient blood flow to the left circumflex and left anterior descending artery beds was determined at each stage by injecting approximately 2 x 10 6 radiolabeled microspheres into the left atrium. Withdrawal of the reference arterial blood sample was initiated just before injection of the microspheres into the left atrium (2) . In this group of dogs, our aim was to determine the manner in which changes in anterograde coronary blood flow affected anterograde and collateral vessel-derived myocardial blood flow within different regions of the left circumflex perfusion bed. Accordingly, the slice of the heart at the mid-papillary muscle short-axis level was divided into a greater number of segments (n = 16), such that better spatial resolution of blood flow within the left circumflex perfusion bed could be achieved.
After cutting the appropriate short-axis slice into the desired number of segments, the rest of the heart (left and right ventricles) was also cut into small pieces. All myocardial and reference blood samples (in Group II dogs) were counted for 500 s each in a well counter with a multichannel analyzer (Auto-Gamma Scintillation Spectrometer, Hewlett-Packard). A computer program was used for correcting activity spilling from one window to another (2) .
Anterograde blood flow (ABF) at each stage of the experiment was calculated for each sample of the myocardium within the left circumflex perfusion bed with the following equation ( Myocardial contrast echocardiography. In Group I dogs, the size of the left circumflex perfusion bed at each stage of the experiment was assessed in vivo with use of myocardial contrast two-dimensional echocardiography (1). The method has been described previously (1,4,5). Briefly, a mechanical sector scanning system with a 5 MHz transducer (Mark III, Advanced Technology Laboratory) was used. The gain settings were optimized at the beginning of the experiment and kept constant throughout. The transducer was fixed at an optimal short-axis level with use of a clamp affixed to the procedure table. A saline bath acted as an acoustic interface between the heart and the transducer (4).
To define the perfusion bed of the left circumflex coronary artery, 5 ml of sonicated diatrizoate (Renografin-76, E.R. Squibb) was injected into the Silastic tubing ( Fig. 1) at each stage during simultaneously performed echocardiography. This solution contains microbubbles with a mean diameter of 6ILm that produce optimal myocardial contrast enhancement (2) . The left circumflex perfusion bed was measured from the end-diastolic frame showing maximal contrast enhancement by means of planimetry on an off-line computer (Mipron system, Kontron Electronics) (2) . The inter-and intraobserver errors for measuring the perfusion beds using this technique are 0.37 and 0.25 cm 2 , respectively (5). KAUL ET AL.
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Protocol. Arterial blood gases were monitored every hour during the experiment. Fractional inspired oxygen and respiratory rate were adjusted and intravenous sodium bicarbonate (Abbott) was given as needed. The roller pump was adjusted at multiple flow rates in each experiment in a random order. In Group I dogs, an average of 4.5 flow rates (range 2 to 6) were used for each experiment, whereas in Group II dogs, 3 different flow rates were used.
In Group I dogs, after the left circumflex flow and systemic hemodynamics were constant at a desired rate for 5 min, either radiolabeled microspheres or sonicated diatrizoate (Renografin-76) was injected in a random order into the tubing supplying the left circumflex artery. A 5 min delay was allowed between injections for hemodynamic and blood flow equilibration. In Group II dogs, 10 min were allowed for hemodynamic and blood flow equilibration between left atrial and left circumflex artery injections of radiolabeled microspheres, which were performed in random order at each stage.
Statistical analysis. Data were compiled and analyzed with use of RS/l software (Bolt, Beranek and Newman) (6) . In Group I dogs, normalized regional blood flow and perfusion bed size were correlated by using linear regression analysis. The data were normalized to the greatest flow and the largest perfusion bed size in each animal. The same method was then used in Group II dogs to correlate the percent of the left circumflex bed perfused anterogradely and the magnitude of anterograde blood flow at low flow rates (:s0.33 mllmin per g).
Results
Group I Dogs
Relation between anterograde blood flow and size of perfusion bed. Table 1 depicts the anterograde transmural left circumflex bed flow and size of the left circumflex perfusion bed during each stage of every experiment in Group I dogs. Figure 2 illustrates examples of the left circumflex perfusion bed defined by myocardial contrast echocardiography at three different flow rates in Dog 6 ( Table I ). In Figure 2A , the size of the perfusion bed is 10.1 cm 2 and the anterograde transmural blood flow to it is 1.83 ml/min per g; in Figure 2B , the size of the perfusion bed is 8.2 cm 2 and the anterograde transmural blood flow to it is 1.43 mllmin per g; and in Figure  2C , the size of the perfusion bed is 4.4 cm 2 and the anterograde transmural blood flow to it is 0.13 mllmin per g. The change in the size of the perfusion bed was the most dramatic during this latter stage and occurred in the lateral zones, with no concomitant change occurring transmurally. The greatest changes in the dimensions of the perfusion bed occurred when transmural blood flow decreased to <0.33 mllmin per g. Figure 3 illustrates the relation between the size of the area perfused by the left circumflex artery (normalized to the largest size in each dog) and anterograde transmural blood Definition of the perfusion bed. The left circumflex perfusion bed was defined at baseline study from data obtained during the injection of microspheres directly into the left circumflex artery. The mean flow was calculated from the segments showing flows >0.10 mllmin per g. Of these segments, those demonstrating flows> 1 SD below the mean were considered to represent the left circumflex perfusion KAUL ET AL.
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CORONARY BLOOD FLOW AND PERFUSION BED SIZE bed. For example, in Dog 1 ( Table 2) at baseline (flow rate 1), blood flow >0.10 mllmin per g is present in segments 4 to 12 during direct injection of microspheres into the left circumflex artery. The mean flow to these segments is 0.98 mllmin per g and the SD of the mean flow is 0.39 ml/min per g. All segments showing flows >0.58 mllmin per g are therefore considered to represent the left circumflex perfusion bed; in this case, these are segments 5 to 11. The mean transmural blood flow within the left circumflex perfusion bed is depicted at the bottom of Table 2 for each stage of the experiment.
Effect of altering anterograde coronary blood ftow on perfusion bed size. In Dog 1 (Table 2) , the baseline (flow rate 1) mean anterograde flow to the left circumflex perfusion bed (injection of microspheres directly into the left circumflex artery) was 1.16 ml/min per g, whereas the total nutrient flow (injection of microspheres into the left atrium) was only 4% higher (1.21 mllmin per g). The greatest disparity between the total nutrient and anterograde flow occurred at the lateral segments (segments 5 and 11), where the combined disparity was 10%. When anterograde blood flow to the perfusion bed was decreased to a mean of 0.68 mllmin per g (flow rate 2), the mean total nutrient flow was 16% higher (0.79 mllmin per g), with the disparity in the lateral segments increasing to 78%. Compared with the mean anterograde flow of 0.68 mllmin per g to the entire bed, the flow to one of the lateral segments (segment 11) was only 0.30 mllmin per g. When the mean anterograde flow was reduced to 0.27 mllmin per g, the total nutrient flow was 122% higher (0.60 mllmin per g), with the disparity in the lateral segments increasing to almost 300%. At a mean anterograde flow of 0.27 mllmin flow in this segment at this stage was similar to that in segment 4, which was not considered a part of the perfusion bed at baseline (flow rate 1). Similar results were noted in the other dogs. The number of lateral myocardial segments within the left circumflex bed with disproportionately low flow «0.10 mllmin per g) seemed to be related to the magnitude of the reduction in anterograde flow. In Dogs 2 to 4 ( Tables 3 to 5 ), in which the mean anterograde flow was reduced to <0.20 mllmin per g, as much as 33% to 40% of the anterograde transmural blood flow and the fraction of the left circumflex bed perfused anterogradely: y = 2.41x + 0.22
(p < 0.001, r2 = 0.90, SEE = 0.46) ( Fig. 4 ).
Discussion
It is generally assumed that the area perfused by a coronary artery is determined strictly on an anatomic basis and is constant at all levels of anterograde flow through that vessel. Our results indicate that a decrease in anterograde coronary blood flow through an artery results in a decrease in the size of the area perfused by that artery, making the lateral zones originally perfused by that artery collateral flow dependent. We (I) previously demonstrated that the size of the area perfused by a coronary artery can also be altered by selectively altering the collateral flow driving pressure. The results from these two studies indicate that a dynamic interplay between anterograde and collateral blood flow may result in changes in the size of the area perfused by a coronary artery during myocardial ischemia. Possible mechanisms. Under basal conditions, there is very little difference between anterograde blood flow (measured by injecting microspheres directly into the coronary artery) and total nutrient flow (measured by injecting microspheres into the left atrium); that is, almost the entire perfusion bed is supplied anterogradely. Only the lateral segments receive about 10% of flow from remote vessels. When anterograde flow is reduced significantly below basal levels, the flow within the remote vessels supplying the lateral zones of the perfusion bed is higher than that in the vessels supplying it anterogradely. This phenomenon results in a decrease in size of the anterogradely perfused myocardial bed and supply to the lateral zones by remote vessels.
The most dramatic change in the size of the perfusion bed occurs at anterograde flows below approximately 33% of baseline flow, an effect that is probably related to the failure of autoregulation within the vessels supplying the anterograde flow. In this situation, the proportion of flow from the remote vessels to the perfusion bed increases and exceeds anterograde flow in the lateral segments. At these low flow rates, the fraction of blood flow from the remote vessels also increases to the central segments of the perfusion bed but does not exceed the anterograde blood flow to these regions. Unlike the lateral segments, therefore, the central segments continue to be perfused predominantly in an anterograde manner, even at very reduced flow rates. The lateral zone. It was originally thought (7) that after total coronary occlusion, a central area of necrosis forms and is surrounded by a zone of ischemia. However, it has since been shown (8) that capillaries arising from different vessels form loops at the borders of the vascular beds and do not interconnect with capillaries arising from other vessels ( Fig. 5 ). For this reason when an infarction is complete, there is virtually no intermediate ischemic zone despite interdigitation of necrotic and normal tissue. It has been suggested (8) that such interdigitation results in estimation of intermediate levels of flow in the margins between infarcted and normal tissue and thus led to the erroneous conclusion that a lateral ischemic zone exists.
Whereas there are no intercapillary connections, there are many connections between vessels on the epicardial regions of the dog heart ( Fig. 5) (9) . Although there are some endocardial collateral channels as well. these are not as abundant as in humans (9) . Our results imply that the flow in these collateral vessels at the time of coronary occlusion can determine the final line of demarcation between necrotic and healthy tissue. This line can be shifted toward the center of the ischemic bed if the anterograde flow is low and the flow in the remote epicardial vessels is higher. The magnitude of this shift seems to be determined by the degree of reduction in anterograde flow. One can extrapolate from Figure 3 that the size of the perfusion bed would not decrease by much less than 18% of that noted at baseline, even during total cessation of anterograde flow.
Once the line of demarcation is defined in the context of total occlusion in the dog, necrosis starts from the endocardium and migrates transmurally over time. As the infarct progresses, myocardial salvage is more likely to be achieved in the epicardial bed than in the lateral zones in the canine model (10) . In fact, in one study (1), the lateral zones decreased from a mean of approximately 13% of the perfusion bed at 45 min after coronary occlusion in the dog to a mean of approximately 7% several hours later. Theoretically, therefore, only 50% of an already marginal lateral zone could have been salvaged in this model. In contrast, our preliminary results with myocardial contrast echocardiography indicate that the lateral zones are far more extensive in patients than in dogs (12) . This phenomenon may be related in part to more abundant collateral vessels in patients with chronic coronary artery disease and in part to the presence of both epicardial and endocardial collateral vessels in humans (9) .
In our study, a decrease of approximately 18% in the size of the perfusion bed was noted when anterograde flow was decreased from normal levels (approximately 1 mllmin per g) to 10% of normal. When the flow, however, was reduced from twice normal (mean 1.9 mllmin per g) to 10% of normal, the decrease in the size of the perfusion bed was approximately 40%. These data indicate that the size of the perfusion bed changes not only with a decrease but also with an increase in anterograde flow.
Experimental implications. In the experimental laboratory, the size of the perfusion bed is usually determined with postmortem techniques. Contrast material or a dye is injected either directly into the occluded artery (and is similar to the in vivo perfusion bed measured in this study) (10, 13, 14) or it is injected proximal to an occlusion (4, 15, 16) . The results from our present study imply that the size of the perfusion bed differs at various rates of anterograde flow. A postmortem estimation may not, therefore, be accurate without simulating the anterograde flow and the collateral flow driving pressure during that particular stage of the experiment. It thus appears that a tomographic real time in vivo technique such as myocardial contrast echocardiography should be more suitable than a postmortem method (5, 13, (17) (18) (19) (20) for assessing the size of the perfusion bed.
Our findings have important bearing on studies designed to test the effects of interventions on infarct size. In these studies (21) (22) (23) , it has always been presumed that the postmortem perfusion bed size is the same as that present in vivo. Because interventions might induce changes in systemic or coronary hemodynamics (which, like dipyridamole, might indirectly affect the collateral vessels [24, 25] or, like nitroglycerin, might also directly affect them [26] ), this presumption may not be valid. The use of a real time in vivo technique capable of serially assessing perfusion bed size would be more accurate for determining the effect of specific interventions on the relation between infarct size and risk area (1, 27, 28) .
Clinical implications. Our data imply that when anterograde flow is reduced, the peripheral areas of the perfusion bed, which are perfused anterogradely under basal conditions, become dependent on collateral blood flow (Fig. 6) . The degree to which this phenomenon might occur would depend on the systemic pressures, the magnitude of the reduction in anterograde flow, the duration of ischemia, the amount and functional state of the collateral vessels and the collateral flow driving pressure. In the event that the collateral flow is compromised, the lateral zones might not receive enough flow (and may even receive less flow than the central zone supplied by anterograde flow), resulting in ischemia and infarction within these peripheral zones. This phenomenon could explain why infarct extension occurs (29, 30) and why lower flows occur in ischemic zones when vessels supplying regions remote from these zones have severe stenosis (31) .
In the case of chronic coronary artery disease, the reduction in the size of the area perfused by a coronary artery may be one of the mechanisms for the development of collateral vessels. The resultant ischemia in the lateral zones could cause regional shear stress within these zones, which has been postulated to increase the growth of collateral vessels (32) . This ischemia could also incite local humoral responses, such as release of growth factors, which might result in further collateral vessel development (33) . Over time as anterograde flow decreases further, the perfusion bed might also further decrease, resulting in development of more collateral vessels. Eventually, enough collateral vessels might develop, such that occlusion of the culprit vessel would not result in infarction (34) . It is not uncommon to see normal function in myocardial segments subtended by totally occluded vessels.
Critique of our methods. To perform these experiments, it was necessary to employ an open chest anesthetized canine model in which a roller pump was used to regulate flow to the left circumflex perfusion bed. It is unlikely that the results would have been significantly different had they been obtained in a more physiologic preparation because we propose that the changes noted are related directly to flow in the cannulated and remote coronary vessels. It is, however, conceivable that this preparation could have modified the normal coronary control mechanisms.
We performed a bolus injection of contrast medium into the tubing connecting the carotid artery to the left circumflex artery. This injection briefly altered the flow in the tUbing. However, the length of the tubing between the injection site and the left circumflex artery was adjusted to allow flow to return to baseline values by the time either the contrast medium or the microspheres entered the myocardial bed.
The presence of similar flows at baseline study within the left circumflex perfusion bed during left atrial injection of microspheres confirms that the bolus injections of microspheres into the tubing did not affect the results.
One might contend that the flow to the left circumflex perfusion bed might not be accurately measured by injection of micro spheres into the left atrium because these have to reach the left circumflex perfusion bed by way of the carotid artery. That values of the left circumflex perfusion bed flow at baseline study determined by injection of microspheres directly into the left circumflex artery were nearly identical to those assessed during their injection into the left atrium suggest that this method was adequate in these experiments. One can also argue that the microsphere results could be explained by tissue contamination. A tissue sample may represent flow from two interdigitating beds (35) . Such an argument could conceivably be valid for the most lateral segments in a vascular bed, such as segments 7 and 12 in Table 3 . It is unlikely, however, that tissue contamination can explain the findings in the more centrally placed segments, such as segment 8 in Table 3 .
Finally, the variability inherent in the two techniques must be considered. Myocardial contrast two-dimensional echocardiography has been repeatedly shown to have excellent inter-and intraobserver correlations for assessing the myocardial perfusion bed size (2, 5, 13) . Although, as apparent in our dogs, the microsphere technique has been shown to elicit major spatial variability in regional myocardial blood flow at baseline flows, the temporal variability of this measurement is <10% (36) . Therefore, when the echocardiographic results from Group I dogs are considered along with the microsphere data from both groups of dogs, they indicate that for all practical purposes, changes in anterograde blood flow do have bearing on the size of the perfusion bed.
